The cardiovascular effects resulting from an acute elevation in cerebrospinal fluid (CSF) pressure to levels higher than arterial blood pressure were fully described by Cushing and are well known (1, 2) . However, the extent to which intracranial blood flow is altered by moderate increases in CSF pressure has not been fully clarified. Using a plethysmographic method of measuring cerebral blood flow in two subjects, Ferris found a decrease in flow following acute elevation of the CSF pressure above 350 mm H20 (3). Kety, Shenkin, and Schmidt measured cerebral blood flow (nitrous oxide technique) in 13 patients and found that flow was uniformly depressed in patients having a CSF pressure greater than 450 mm H20 (4) . On the other hand, Green, Rapela, and Conrad recently stated, "Artificially induced changes of cerebrospinal fluid pressure have little effect on flow unless the pressure is elevated above arterial pressure" (5) . Similarly, Williams and Lennox found that moderately elevated levels of CSF pressure had no significant effect on cerebral blood flow (6) .
Since the results of the foregoing investigations are conflicting, a quantitative evaluation of the relation between the level of CSF pressure and cerebral blood flow should be of interest. The purpose of the present study was to measure the effects of incremental increases in CSF pressure on the human cerebral circulation.
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Methods
The blood flow studies were carried out in 13 male patients who were undergoing surgical exposure of the carotid artery so that an antitumor agent' could be infused directly into the internal carotid artery. In each subject craniotomy and subtotal resection of a supratentorial brain tumor had been performed from 10 to 14 days before the study. The histologic diagnoses were as follows: glioblastoma multiforme, five cases; astrocytoma, seven cases; and oligodendroglioma, one case.
The surgical procedure on the neck was done with general anesthesia (a mixture of halothane, 0.5%; nitrous oxide, 49.5%; and oxygen, 50%o). The common carotid and proximal portions of the external and internal carotid arteries were exposed. A 10-cm long polyvinyl catheter 2 was inserted into the superior thyroid artery and advanced until the tip was within the bifurcation of the common carotid artery. The remaining branches of the external carotid artery were then ligated. (8) .
To further evaluate the pattern of filling of the intracranial circulation during elevated CSF pressure, cerebral angiography was carried out in three additional patients both during control and increased CSF pressure induced by infusion of Ringer's solution in the lumbar subarachnoid space as described above. Serial lateral exposures of the skull were made at 0.75-second intervals following a rapid injection of 12 ml of 50% sodium diatrizoate 9 into the right common carotid artery. The angiographic exposures were made with an automatic film' changer 10 during a 20-second period. One injection of contrast media was made at control CSF pressure and a second injection made while the mean CSF pressure was elevated to a level just under the patient's diastolic blood pressure.
Results
Pertinent data obtained in these subjects before altering the CSF pressure are given in Table I . In 12 of the subjects the "opening," i.e., initial, CSF pressure was elevated (mean 299 mm H), SE + 22). The mean cardiac output for the group was 6,662 cm3 per minute, SE + 320. The arterial Pco2 and arterial oxygen saturation values for the group were 38.9 mm Hg, SE ± 1.3, and 93.4%, SE + 0.5, respectively.
In eight subjects the CSF pressure was reduced to normal levels. Blood flow was essentially unaffected by this reduction in CSF pressure except for patient W.McK. In this patient flow increased 15 cm3 per minute following CSF pressure reduction. The lowest CSF pressure in each subject (Table II A, column 1) had a mean value of 190 mm H20, SE ± 13. At this CSF pressure level the maximal value for flow in the internal carotid artery, i.e., peak flow, had an average value of 7.1 cm3 per second, and the minimal value for forward flow had an average value for the group of 1.5 cm3 per second (Table II A, column 2). The mean value for flow was 201 cm3 per minute, SE ± 16. Average systolic and diastolic blood pressures were 124 and 75 mm Hg, respectively. Mean arterial blood pressure was 92 mm Hg, SE ± 3, for (Table II D, column  9 ). At this CSF pressure level, the pulsatile flow has an average maximal value of 6.4 cm3 per second and a minimal of 0.6 cm3 per second. The average flow for the group had a mean of 148 cm" per minute, SE + 15 (Table II D, column 10) , representing a decrease of 25% from the control flow. Both blood pressure and heart rate were essentially unchanged during elevation of the CSF pressure (see Table II D, columns 11 and 12, respectively).
The effect of incremental increases in CSF pressure on mean internal carotid arterial blood flow is graphically illustrated in Figure 1 . In this I Syst/diast = systolic and diastolic blood pressure. for mean flow measured at different levels of CSF pressure. To normalize the data, both CSF pressure and flow values were divided by that particular subject's control CSF pressure and flow, respectively. The data were then clustered along both the abscissa and ordinate in groups of ten. As can be seen in Figure 1 , the flow is not significantly altered until the CSF pressure is approximately 1.8 times the control value. Flow then decreases as the CSF pressure rises. The small vertical bars represent the standard error.
As described in the Methods section, the CSF pressure was maintained at its highest level for from 3 to 5 minutes in each patient. In nine patients the mean internal carotid arterial flow remained essentially constant during this time. In four subjects, however (Table II, During the entire procedure, the patients' level of consciousness was unchanged and they remained asymptomatic. No significant alterations occurred in either the ECG or the EEG recordings.
The cerebral angiographic studies carried out at both normal and elevated CSF pressures clearly demonstrated that although circulation of contrast media was somewhat retarded at the elevated CSF pressure, the entire venous system filled adequately. This included the cortical bridging veins that drain into the superior sagittal sinus and the deep cerebral veins (internal cerebral, basal vein of Rosenthal), as well as those veins on the lateral surface of the cerebral hemisphere (vein of Labbe, middle cerebral vein, and so forth).
Discussion
Although the patients used in this series had significant intracranial pathology, at the time of study they were alert and had no striking neurologic deficit. It is our contention that the conclusions regarding the effect of increased CSF pressure on internal carotid arterial flow are qualitatively applicable to the normal human subject.
It is difficult to compare the values of blood flow measured with an electromagnetic flowmeter with cerebral blood flow data obtained by other techniques, since most other methods estimate total cerebral blood flow per 100 g brain weight. However, in the absence of vascular disease, if the internal carotid artery can be assumed to carry onethird of the arterial inflow to the brain (9), then the average value for total cerebral blood flow in our group was approximately 600 cm3 per minute. This figure can be compared to a cerebral blood flow of approximately 54 cm3 per minute per 100 g brain weight (700 cm3 per minute for an average adult) computed by the nitrous oxide technique in normal subjects (10) . In our patients, as a result of the intracranial pathology, the flow may be somewhat less than in normal subjects. During the control state a surprisingly large per cent of the flow in the internal carotid artery was found to be continuous or nonpulsatile in nature (Table  II A , column 2). The lowest value for forward flow obtained in each patient had an average value of 1.5 cm3 per second, or 90 cm3 per minute. Thus, almost one-half of the total cerebral blood flow is nonpulsatile. However, the relatively rapid heart rate present in our patients may be partially responsible for this finding. The high level of continuous flow noted in the internal carotid artery is in contrast to flow in the human femoral artery, in which forward flow is usually absent at the end of diastole during the control state (11) .
To evaluate the effects of increasing CSF pressure on the carotid arterial blood flow, it must be assumed that the changes in CSF pressure are transmitted equally throughout the subarachnoid space. In the present study, pressure within the intracranial subarachnoid space was not measured. However, Evans has shown an excellent correlation between CSF pressure measured in the lumbar subarachnoid space and in the lateral ventricle of man (12) . Furthermore, recent studies carried out in rhesus monkeys by Weinstein, Langfitt, and Kassell demonstrated that pressure in the intracranial subarachnoid space is similar to that found in the lumbar subarachnoid space following an increase in CSF pressure induced by a technique similar to that used in our patients (13) . Thus, it seems reasonable to assume that the increase in CSF pressure is distributed equally throughout the subarachnoid space.
The data obtained in the present study clearly demonstrate that in the human subject acute elevation of CSF pressure to levels below the arterial blood pressure results in a moderate decrease in internal carotid arterial blood flow that persists for at least 5 minutes. This finding is in agreement with the previously noted studies of both Kety and co-workers (4) and Ferris (3) . In most patients the decrease in flow primarily occurs in the continuous portion of flow, and the pulsatile flow is relatively unaffected. Thus, the average peak to nadir amplitudes of the flow pulse were 5.6 cm3 per second in the control state and 5.8 cm3 per second at the highest level of CSF pressure (see Table II , columns 2 and 10).
The mechanical effects of increasing CSF pressure on cerebral blood flow can be at least partially explained by comparing the cerebral circulation to a physical model consisting of a collapsible tube enclosed within a rigid box as proposed by Kety and co-workers (4). The flow rate through this tube is proportional to the pressure drop between 1348 the inflow pressure and the pressure within the box, provided this latter pressure is higher than the outflow pressure. Furthermore, pressure within the tube just proximal to the outflow end of the tube will be equal to the surrounding pressure. A more complete description of this physical model and a discussion of the concepts of the "vascular waterfall" as it may apply to the circulation in general have been given by Permutt and Riley (14) . The major details of the cerebral circulation seem to conform to the above model. Many of the veins that drain the brain lie freely within the subarachnoid space and would appear to be easily collapsible (15) . To remain patent, pressure within these veins must be at least equal to the surrounding CSF pressure. It has been repeatedly demonstrated in the experimental animal that an increase in CSF pressure does not elevate pressure within the venous sinuses, and it is reasonable that this finding would be applicable to man (13, 15) . As the CSF pressure is elevated, pressure within the subarachnoid veins must increase or they will collapse. Thus, a pressure drop will occur near the point of entry of these veins into the venous sinuses. That the veins are not collapsed was demonstrated in our patients who were angiographically found to have a normally dilated venous system even when the CSF pressure was markedly elevated. In earlier studies carried out on dogs, Wright observed the confluence of the cortical veins and the sagittal sinus through a "window" (16) . He noted that as the CSF pressure was raised the small veins did not collapse until the systolic blood pressure level was reached. Furthermore, a "cuff constriction" appeared at the junction of these veins with the sinus.
Thus, as a first approximation we may characterize the cerebral circulation as containing two major loci of resistance, one located at the arteriolar-capacity level and the other at the entrance of the cerebral veins into the venous sinuses. Normally the latter probably has little effect on regulating cerebral blood flow. However, as the CSF pressure is increased, this area of resistance becomes the primary point of pressure drop within the cerebral circulation. Furthermore, cerebral blood flow will be reduced proportionately as the effective pressure gradient, i.e., mean arterial pressure minus the CSF pressure, is reduced.
It must be remembered that the flow measurements obtained in this study are of the inflow to the brain and do not reflect changes in the intracranial distribution of flow. For example, the cortical veins may be more collapsible than the deeper vein structures such as the vein of Galen. If this is true, then elevation in CSF pressure may easily alter the normal pattern of distribution of the cerebral blood flow. A second pertinent finding was that in our group flow was not significantly decreased until the CSF pressure was elevated to approximately 1.8 times the control pressure. This finding is also in keeping with the results of Kety and co-workers (4) and Ferris (3). In 13 patients, 12 of whom had a diagnosis of brain tumor, Kety and co-workers (4) found that in only those subjects in whom the CSF pressure was greater than 450 mm H20 was cerebral blood flow depressed. Similarly, Ferris (3) noted in two subjects that flow was unchanged until the CSF pressure was greater than 350 mm H20. In explaining this finding, Kety and coworkers (4) postulated that a compensatory rise in arterial pressure occurs following increase in intracranial pressure, and up to a critical level of 450 mm H20 this mechanism is sufficient to keep the cerebral blood flow constant. However, in the present study, no change occurred in either the arterial blood pressure or heart rate during the acute elevation of CSF pressure. Evans and co-workers also previously found no change in arterial blood pressure when the CSF pressure was acutely raised to levels below diastolic blood pressure (17) . Thus, at these acutely increased CSF pressure levels flow is not reduced to the point at which hypertension occurs secondary to medullary ischemia. The existence of a critical level above which the CSF pressure must rise before flow is reduced may be partially explained by considering the relation between the two major areas of cerebral blood flow resistance as described above. As the CSF pressure rises, pressure within the cerebral veins within the subarachnoid space will also rise; however, this can take place only by allowing the pressure within the arterioles, i.e., approximately 400 mm H20, to be transferred gradually to the veins. In this manner the normal pressure drop at the arteriolar-capillary level will be obliterated. Thus, a CSF pressure of approximately 400 mm H20 must be attained before the total resistance to flow, normally present, is exceeded.
In the foregoing discussion, the effects of active changes in cerebral vascular tone have not been mentioned. Undoubtedly such changes may occur in response to increased CSF pressure. For example, in four of these patients there was a slight but definite tendency for blood flow to return toward the control values despite a constant sustained elevation in the CSF pressure. This finding would imply that in these four patients there was "autoregulation" of the cerebral circulation in response to the increased pressure. In the remainder of the patients no evidence of autoregulation was observed. However, the maximal CSF pressure levels were maintained for only 5 minutes, and we cannot project these findings to rule out other adjustments in cerebral flow that may result from chronic CSF pressure elevation.
It should be noted that Pco2 values were not obtained during the time at which the CSF pressure was elevated. However, the lack of symptoms, and the fact that no change occurred in either heart rate or blood pressure, would imply that change in ventilation did not account for the effects on flow noted in these patients.
The lack of symptoms associated with elevations of the CSF pressure up to a mean level of 920 mm H20 in the present study is consistent with the results of other investigators. Wolff (18, 19) reported the absence of headache in four normal patients in whom the CSF pressure was artificially raised to levels between 680 and 850 mm H20. Evans and co-workers (17) state that "we have elevated the intracranial pressure to 2000 mm of saline without the subject's awareness of any sensation."
The method used to increase the CSF pressure in the present study produced a generalized increase in pressure without displacement of the intracranial structures. Thus, the experimental situation is somewhat analogous to the clinical state of generalized cerebral edema, but differs from conditions in which the brain is also displaced, such as various intracranial tumors. Summary 1. With an electromagnetic flowmeter and a pressure transducer, internal carotid arterial blood flow and pressure were measured continuously in 13 awake patients during incremental increases in cerebrospinal fluid (CSF) pressure to a level slightly below each patient's diastolic blood pressure.
2. The control value of mean flow for the group was 201 cm3 per second (SE + 16) obtained at a cerebrospinal fluid pressure of 190 mm H20 (SE + 13).
3. Flow became significantly decreased at a CSF pressure of 380 mm H2O (SE + 11), and at a CSF pressure of 920 mm H2O (SE ± 46) mean flow averaged 25% less than the control value.
4. No change was observed in the blood pressure, heart rate, electrocardiogram, or electroencephalogram.
5. In four patients, slight autoregulation of flow was found at the highest level of CSF pressure.
6. In three addition patients angiographic studies demonstrated that the cerebral veins lying within the subarachnoid space are not collapsed at a CSF pressure of 1,000 mm H20.
